Abstract-The
A ngiotensin-converting enzyme (ACE) catalyzes the conversion of angiotensin I to angiotensin II as well as the catabolism of bradykinin. 1 An insertion (I)/deletion (D) polymorphism within the ACE gene exerts a codominant effect on plasma ACE levels in normal people. 2 Because increased ACE activity can play a detrimental role in cardiovascular diseases and diabetic vascular complications, [3] [4] [5] [6] [7] the ACE gene has been extensively scrutinized to demonstrate 8 -10 or refute its role in human disease, but with controversial findings. 11, 12 In complex diseases, such as atherosclerosis, hypertension, and diabetes, the pathogenetic role of single genes may be difficult to gauge, unless one reverts to the study of simpler phenotypes, which (according to epidemiological and/or pathophysiological evidence) can be regarded as harbingers of disease. 13 Endothelial function is one of such phenotypes because (1) endothelium is involved in several stages of atherogenesis, 13 (2) all classic and most nonclassic risk factors of cardiovascular disease are associated with endothelial dysfunction, 14, 15 and (3) endothelial dysfunction precedes and predicts clinical macrovascular disease in human atherogenesis. 16, 17 Increased ACE activity may hamper endothelial function by increasing angiotensin II and, consequently, superoxide anion availability, 18 thereby degrading NO. Alternatively, or concomitantly, an excess in ACE activity may accelerate bradykinin degradation and bradykinin-related NO effects. 19, 20 In humans, Celermajer et al 21 reported no relationship between ACE gene alleles and endothelium-dependent vasodilation in the brachial artery. Perticone et al 22 found a blunting effect of the D allele on acetylcholine-induced vasodilation in the forearm microvasculature of hypertensive patients but not of healthy controls. Butler et al 23 reported that the ACE gene D allele in homozygosity was associated not only with reduced acetylcholine-induced vasodilation but also with depressed nitroprusside-induced (ie, endotheliumindependent) vasodilation in healthy people. Thus, their defect in vasomotion may not have been necessarily due to endothelial dysfunction. Finally, van Dijk et al 24 found no differences in bradykinin-induced vasodilation in 8 II and 8 DD normotensive male individuals.
In our laboratory, in young individuals with no known risk factors for cardiovascular disease, endothelium-dependent vasodilations in the forearm microcirculation (acetylcholine-induced), in the brachial artery, and in the femoral artery are not well correlated with each other (authors' unpublished data), suggesting that in the absence of known cardiovascular risk factors, different determinants act on the vasodilatory responses triggered by these 3 endothelia. If the ACE gene is 1 of these determinants, it may exert differential effects on different endothelia.
Therefore, the present investigation was undertaken to study the association between ACE gene polymorphism and endothelium-dependent vasodilation in the brachial and in the common femoral arteries of young healthy humans. In a smaller group of subjects, we also tested the effects of the ACE gene D/I alleles on forearm microvascular reactivity to 2 endothelium-dependent vasodilators (ie, acetylcholine and bradykinin) and 1 endothelium-independent vasodilator (sodium nitroprusside). Bradykinin was used because of the recent evidence showing a role of ACE gene alleles in accelerating the catabolism of exogenous bradykinin across the human forearm vascular bed. 25 
Methods
For the online unabridged version of this section, please refer to http://atvb.ahajournals.org.
Subjects
Ninety-two young (aged between 20 and 29 years) normal nonsmoking unrelated individuals were recruited for the present study. Each subject gave informed written consent before participating in the study, which was approved by the Human Investigation Committee of the Verona City Hospital.
After a preliminary screening, each subject attended 2 separate sessions. On the first occasion, baseline cardiovascular and humoral parameters were measured. On the second occasion, the noninvasive (nϭ88) or the invasive (nϭ4) vascular tests were carried out. Thirty-one Italian volunteers came back on a third occasion to undergo the invasive vascular tests.
Noninvasive Vascular Tests
Eighty-eight Italian subjects participated in this protocol. Their characteristics are summarized in Table 1 . Endothelium-dependent vasodilation (flow-mediated dilation induced by distal postischemic hyperemia) and endothelium-independent vasodilation (flowmediated dilation induced by 400 g sublingual nitroglycerin) were measured in the right common femoral artery, as previously decribed 26, 27 and in the brachial artery (84 subjects) during the same session.
Global quantitative indexes of flow-dependent and endothelium-independent vasodilation were obtained by calculating the area under the curve of change in vessel diameter as a function of time (from 0 to 8 minutes after the beginning of distal postischemic hyperemia and from 0 to 5 minutes after nitroglycerin administration), expressed as absolute values and also as percent changes over the baseline vessel diameter. 26, 27 Please refer online to http://atvb.ahajournals.org for the statistical power of the noninvasive and invasive vascular tests. 28 
Invasive Vascular Tests (Forearm Perfusion Study)
Thirty-five (4 of non-Italian descent) subjects participated in this protocol. Their characteristics are summarized in Table 2 . The forearm perfusion studies were performed as previously described 29, 30 and lasted Ϸ180 minutes. Catheters were introduced percutaneously into the brachial artery and retrogradely into an ipsilateral deep vein of the nondominant forearm. Acetylcholine, bradykinin, and sodium nitroprusside were infused at 3 sequential incremental doses (acetylcholine 3, 9, and 30 g · min Ϫ1 · kg 
Analytical Methods
Please refer online to http://atvb.ahajournals.org and to Solini et al 31 and Sambrook et al 32 for analytical methods.
Statistical Analysis
All data are presented as meanϮSEM. All comparisons were performed by 1-way ANOVA (for repeated measures in the case of the forearm vascular responses), with or without adjustments for covariates as specified in the text and with repeated contrasts between adjacent groups (ie, DD versus ID, and ID versus II), to protect against multiple testing. All statistics were computed with the SPSS 9.0 software. Statistical significance was declared at PϽ0.05. 
Results

Baseline Characteristics
Baseline data of the subjects participating in the noninvasive vascular tests are presented in Table 1 . Baseline data of the subjects participating in the forearm study are presented in Table 2 . In both sets of data, there were no differences in blood pressure, cholesterol, triglyceride, insulin, or glucose levels between the 3 ACE gene groups. However, in the group participating in the forearm vascular study, HDL cholesterol was higher in the DD group than in the ID group (PϽ0.01). The D/I allele frequencies were 0.574/0.426 and 0.486/0.514 in the noninvasive study and in the forearm study, respectively, resulting in the following genotype distribution: DD 35.6%, ID 43.7%, and II 20.7% in the group participating in the noninvasive vascular study and DD 22.9%, ID 51.4%, and II 25.7% in the group volunteering in the forearm study. Of the 4 subjects in whom brachial artery reactivity was not assessed, 3 were ID and 1 was II. The overall genotype distribution of the 2 groups of subjects included in the present study was not significantly different ( 2 ϭ9.067, Pϭ0.06) from the distribution found in 267 randomly selected individuals (DD 121, ID 108, and II 38) from the same geographical area (Northeastern Italy). Plasma ACE activity showed a progressive increase (Table 1 and  Table 2 ), moving from the II to the ID and to the DD group (PϽ0.001 by ANOVA).
Noninvasive Vascular Tests
Endothelium-independent vasodilation was positively correlated with endothelium-dependent vasodilation in the femoral artery (rϭ0.32, PϽ0.01) and in the brachial artery (rϭ0.23, PϽ0.05). Therefore, statistical analysis of endotheliumdependent vascular responses was carried out with endothelium-independent vasodilation as a covariate.
Similar postischemic accelerations in blood flow were achieved in the 3 groups in the brachial and in the common femoral artery (Table 3) , thereby exposing the endothelium to a comparable stimulus. Endothelium-independent vasodilation was not statistically different in the 3 groups in either artery (Figures 1 and 2) . The D allele, in homozygosity and in heterozygosity, was associated with a similar reduction in endothelium-dependent vasodilation in the common femoral artery (Figure 1, PϽ0 .02 by ANOVA). Endotheliumdependent vasodilation was significantly lower in the ID than in the II subjects (PϽ0.01). Adjusting for basal arterial diameter, sex, body mass index, lipids, blood pressure, 
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glucose, and insulin did not change the statistically significant influence of the D allele on endothelium-dependent vasodilation in the femoral artery. In contrast, no effects of the ACE gene were seen on endothelium-dependent vasodilation of the brachial artery (Figure 2 , Pϭ0.50 by ANOVA). Results were similar when the arterial vasodilation responses were expressed as a percentage of baseline arterial diameter and analyzed per single time points (Table 4) .
Forearm Vascular Studies
Basal forearm blood flow was somewhat higher in the II and ID groups (39.1Ϯ3.4 and 45.8Ϯ3.7 mL · min Ϫ1 · kg Ϫ1 forearm tissue, respectively) than in the DD group (33.3Ϯ3.6 mL · min Ϫ1 · kg Ϫ1 forearm tissue), but these differences were short of statistical significance (Pϭ0.13 by ANOVA). A concordant trend, which almost attained statistical significance (Pϭ0.06 by ANOVA), was also detected in basal forearm vascular resistance. Because differences existed in the basal hemodynamic conditions, basal forearm blood flow was included as a covariate in the comparisons of the forearm microcirculation response to acetylcholine, bradykinin, and sodium nitroprusside (Figure 3) . No statistically significant differences between the 3 groups were detected for any of these 3 vasodilators (Pϭ0.602 to 0.802 by ANOVA). Results were the same when the forearm vascular responses were expressed as percentage of baseline forearm blood flow and also after adjusting for sex, lipids, body mass index, blood pressure, glucose, and insulin.
Discussion
The present study shows that the D allele of the ACE gene is associated with significant blunting of flow-mediated endothelium-dependent vasodilation in the common femoral artery of young healthy subjects (Figure 1) . To the best of our knowledge, this is the first evidence of a selective loss of endothelial function associated with ACE gene polymorphism in healthy humans.
The D allele of the ACE gene exerts a detrimental effect on endothelium-dependent vasodilation in subjects with established cardiovascular disease in vitro 33 and in vivo. 22 In healthy subjects, the results have been less concordant. Flow-mediated vasodilation of the brachial artery was unaffected by the ACE gene polymorphism, 21 whereas acetylcholine-induced and sodium nitroprusside-induced vasodilation of forearm microcirculation was found to be reduced in subjects with the DD alleles in a study performed in British individuals 23 but was not found to be reduced in another report involving Italian individuals. 22 When bradykinin was selected as endothelium-dependent vasodilator, no differences were found between II and DD subjects. 24 Anyhow, the finding in the British study cannot be regarded as evidence of endothelial dysfunction; it is compatible with the idea that a state of NO resistance exists in the forearm microcirculation of people with the DD genotype. 23 Indeed, in the present study, Italian individuals with comparable forearm sensitivity to the NO donor sodium nitroprusside, irrespective of the ACE gene status, displayed no effects of I/D polymorphism on acetylcholine-and bradykinin-induced (ie, endothelium-dependent) vasodilation (Figure 3) , thereby confirming and extending 2 previous studies. 22, 24 The negative finding with bradykinin (the present study and that of Van Dijk et al 24 ) is of special note, because catabolism of bradykinin to bradykinin fragment 1-5 across the human forearm is significantly accelerated in carriers of the D allele. 25 However, the increased generation of bradykinin fragment 1-5 was not accompanied by a decreased bradykinin concentration downstream from the forearm vascular bed, thereby implying that the concentration of exogenous bradykinin at its receptor may not be heavily influenced by the D allele in the forearm vascular bed. 25 Finally, in the same individuals displaying a femoral endothelial defect associated with the D allele, we confirm in Figure 2 that endothelium-dependent vasodilation of the brachial artery is not influenced by ACE gene polymorphism. 21 Taken together, all data point out that endothelial function is governed by different factors according to vascular bed and to type of artery. Site-related differences in endothelium-dependent and -independent vasodilation of human vessels have already been reported in the past 34 and perhaps might be related, in part, to variations in the ACE activity of the vascular wall, 35 which, however, may not be reflected by the conversion rate of circulating angiotensin I to angiotensin II. 36 There are several potential mechanisms linking ACE genotype and arterial endothelium (dys)function. First, in- creased ACE activity, as seen in association with the D allele, may reduce bradykinin activity, which in turn would depress receptor-mediated production of several endothelium-derived relaxing factors, including, but not limited to, NO. 19 Second, angiotensin II stimulates the activity of the endothelial NADH/NADPH oxidase and superoxide anion production, 18 which causes endothelial damage through several mechanisms. Additional possible effects of angiotensin II are stimulation of preproendothelin gene transcription, facilitation of endothelin release, 37 and enhanced production of prostaglandin H (PGH 2 ). 38 The relevance of a putative intracrine renin-angiotensin system 39 to the vascular endothelium is unknown.
Our findings suggest that ACE genotype and, presumably, activity are of primary relevance only to femoral artery endothelium in healthy humans (Figure 1 ). Some implications should be examined.
First of all, the femoral, but not brachial, artery is a target of clinically relevant atherosclerosis. Thus, the ACE gene D allele might be a genetic independent indicator of increased susceptibility to peripheral artery disease. In patients with renovascular hypertension, the D allele is a significant risk factor for peripheral artery disease. 40 Conversely, patients with peripheral artery disease do not show an excess of frequency in the D allele but only some evidence that the deletion allele has a progression promoting effect on the disease. 41 Second, it is possible, and even likely, that the ACE genotype/activity role in the endothelial function of other vascular districts cannot be disclosed with the current techniques in health. On the other hand, when cardiovascular disease is present, ACE genotype can be shown to hallmark endothelial dysfunction. 22, 33 Furthermore, in several conditions of widespread endothelial dysfunction, ACE inhibitors ameliorate arterial endothelial function, with apparently no restrictions to any vascular bed. 27, [42] [43] [44] Some limitations of the present study need be pointed out. First, our sample was not drawn from a population-based survey; thus, we cannot rule out the possibility of an inadvertent selection bias. Second, this is a pure association study; results may reflect unsuspected an underlying population admixture of Italian people and not a causal linkage between gene and function. Third, our findings cannot be considered as a proof that ACE gene polymorphism does not at all influence endothelial function of the brachial artery and of the forearm microcirculation because, as detailed in Methods (please refer online to http://atvb.ahajournals.org), the present study did not have the statistical power to disclose quantitatively small effects. Indeed, ACE inhibition can improve endothelial function even in healthy individuals, a finding consistent with the idea that ACE gene can influence brachial vasomotility. 45 Fourth, the phenotype (ie, endotheliumdependent vasodilation in the femoral artery) associated with the ACE genotype ( Figure 1 ) showed no apparent gene dosage effect, a pattern consistent with either a lack of statistical power or with a dominant effect of the D allele in modulating femoral artery endothelium-dependent vasodilation. Fifth, a recent detailed study of sequence variation in the human ACE gene has shown that the I/D polymorphism is in absolute linkage disequilibrium with 17 variant sites of the gene, thereby generating 2 distinct clades. The deletion (D) clade shows a further major genetic subdivision, implying the need of a more detailed genetic analysis of the traits associated with the D allele. 46 In conclusion, the present study provides evidence that the D allele of the ACE gene is associated with a purely endothelial defect, limited to the femoral artery (Figure 1) . It remains to be determined whether this association is genetically heterogeneous, whether it discloses a causal role in peripheral artery disease, and whether it may be amenable to therapy with ACE inhibitors or angiotensin receptor I antagonists. *Results of ANOVA for repeated measures with either endothelium-independent vasodilation (for the analysis of endothelium-dependent vasodilation) or arterial diameter at baseline (for endothelium-independent vasodilation) as a covariate.
†Overall ACE genotype effect at each time point according to multivariate ANOVA with either endothelium-independent vasodilation (for the analysis of endothelium-dependent vasodilation) or arterial diameter at baseline (for endothelium-independent vasodilation) as a covariate. Figure 3 . Dose-response curve of forearm blood flow to graded intra-arterial doses of acetylcholine (top), bradykinin (middle), and sodium nitroprusside (bottom) in young healthy subjects with ACE II (nϭ9), ID (nϭ18), and DD (nϭ8) genotypes.
